We report a highly correlated multireference configuration interaction calculation of the near-equilibrium potential energy surface of ozone using a large correlation consistent basis set. Three-dimensional analytical expressions are obtained for the potential energy and dipole moment functions using least-squares fits to ab initio points near the C 2v equilibrium geometry. Low-lying vibrational band origins of 16 O 3 and some of its isotopic variants are calculated using the ab initio potential energy function. The calculated fundamental frequencies for the symmetric stretching and bending vibrations are within about 3 cm Ϫ1 of the observed values, while that for the antisymmetric stretch deviates from experiment by about 13 cm Ϫ1 . The agreement with experiment can be significantly improved if the ab initio potential energy function is scaled in the antisymmetric stretching coordinate. Absolute infrared absorption intensities are also calculated using ab initio electric dipole moment functions and in good agreement with the available experimental data.
I. INTRODUCTION
The ozone molecule has received considerable attention in recent years because of its pivotal role in atmospheric chemistry. While a hazardous pollutant near the earth surface, ozone protects lives on the earth by absorbing ultraviolet solar rays in the stratosphere. 1 There is a large body of experimental data on this molecule, which has been summarized by several recent reviews. [2] [3] [4] [5] Much of the theoretical work on ozone has concentrated on the ultraviolet excitations to low-lying excited electronic states and the subsequent dissociation dynamics. [6] [7] [8] [9] [10] [11] [12] [13] [14] Research of the spectrum and dynamics in the ground electronic state of O 3 is, however, comparatively scarce.
The most stable form of O 3 in its ground (X 1 A 1 ) electronic state is an ''open'' C 2v molecule, with the O-O bond lengths of 1.2717 Å and an interbond angle of 116.78°. 15 Due to nuclear permutation symmetry, there exist three such equivalent potential minima. 16 Each minimum correlates in the dissociation asymptote to O( 3 P) and O 2 ( 3 ⌺ g Ϫ ) with a relatively small dissociation energy (26.1Ϯ0.4 kcal/mol). 17 There exist several empirical potential energy functions ͑PEFs͒ based on infrared [18] [19] [20] [21] [22] or Raman spectra. 23 While describing the low-lying rovibrational states quite well, it is difficult to extrapolate the empirical PEFs to regions far from the equilibrium. For example, ab initio data indicated that there should be, in addition to the stable ''open'' (C 2v ) minimum, a metastable ''ring'' (D 3h ) minimum near the dissociation energy, [24] [25] [26] [27] which is difficult to characterize empirically due to the lack of experimental data.
On the other hand, the accurate determination of a global ab initio PEF of O 3 (X 1 A 1 ), particularly the dissociation energy, has been notoriously difficult, owing to the multireference nature of the electronic structure, particularly in non-C 2v geometries. [25] [26] [27] [28] [29] [30] It is only recently that the dissociation energy was determined within 2 kcal/mol of the experimental value, using large correlation consistent basis sets ͑up to aug-cc-pV5Z͒ and the singles and doubles coupled-cluster ͑CCSD͒ method. 27 However, no global PEF at such a high level of theory has been reported. It has also proven a challenge to accurately reproduce the fundamental vibrational frequencies using ab initio methods, particularly for the antisymmetric stretching mode. The difficulties have been attributed to the involvement of triple, quadruple or even higher excitations. [31] [32] [33] [34] [35] [36] [37] Due to the lack of an accurate global PEF, quantum mechanical calculations of the vibrational spectrum of O 3 have largely been restricted low energy regions.
by resonance Raman scattering 23 and photodetachment. 42 Consequently, this system should serve as a good prototype for studying intramolecular vibrational energy redistribution ͑IVR͒ at relatively high internal energy. It is our belief that the importance of the ozone molecule warrants an accurate global ab initio PEF for its ground electronic state. Such a PEF should satisfy several important requirements: It should first be able to accurately represent the equilibrium geometry, fundamental vibrational frequencies, and dissociation energy. It should also cover the entire configuration space, including the dissociation limit and the ''ring'' structure, with uniform accuracy. Understandably, such a task is very demanding even with efficient algorithms and today's fast computers. In this work, we report some of our preliminary results, concerning the development of the three-dimensional potential energy and dipole moment functions, expressed in internal coordinates, near the ''open'' C 2v equilibrium. Vibrational frequencies and absorption intensities, as well as other spectroscopic constants, are calculated and compared with available experimental data. The global PEF covering regions far away from the C 2v equilibrium will be reported in a subsequent publication. This work is organized as follows: The details of calculations are presented in Sec. II. The calculated vibrational band origins and infrared intensities are given and discussed in Sec. III. A brief conclusion is given in Sec. IV.
II. CALCULATION DETAILS

A. Basis set and correlation treatment
Dunning's standard correlation consistent polarized quadruple zeta ͑cc-pVQZ͒ basis set ͓5s,4p,3d,2 f ,1g͔ for the oxygen atom 43 was used. This basis set was augmented by a set of diffuse functions (1s1p), which are derived from the standard aug-cc-pVQZ basis sets. 44 A total of 177 functions were employed in our calculations.
The multireference configuration interaction ͑MRCI͒ calculations were based on complete active space selfconsistent field ͑CASSCF͒ orbitals. The active space in the CASSCF consists of the nine orbitals arising from the 2p atomic orbitals of oxygen for the twelve valence electrons. All other low-lying ͑1s and 2s͒ orbitals were fully optimized, but constrained to be doubly occupied. The calculation was carried out in C s symmetry, which resulted in a total of 1292 configuration state functions. In the subsequent MRCI calculations, the reference function was the same as the CASSCF active space and the frozen core approximation was used. All single and double excitations with respect to the reference function were included in the MRCI and the doubly-external configurations were internally contracted ͑icMRCI͒. 45, 46 The total number of variational parameters is about 4.5 million, while the total number of uncontracted configurations would be 630 million. The Davidson correction 47 was used to take into account higher excitations, which is denoted as icMRCIϩQ. All of the electronic structure calculations were carried out with the MOLPRO suite of ab initio programs. 48 A typical single-point calculation took about 3 h of cpu time on a 500 MHz ͑EV6͒ Compaq Alpha Professional Workstation with ϳ1 GB of memory.
B. Near-equilibrium potential energy function
In this work, we concentrate on the PEF of the ground electronic state of ozone in the vicinity of the stable ''open'' C 2v structure. To this end, we perform ab initio calculations at 104 symmetry unique points in C s symmetry using the basis set and correlation treatment described above. Since the barrier between any two permutation minima is relatively high, 26 the internal coordinate system was used in our calculations and the nuclear permutation symmetry is not considered. Consequently, the resulting PEF is suitable only for a single minimum. As argued in previous studies, 21, 22 such a simplification is very useful for studying low-lying rovibrational levels. The adaptation of the permutation symmetry will be deferred to a later publication in which the global PEF will be constructed. The geometry points cover the range of 2.0 a 0 рr 1 ,r 2 р2.8 a 0 and 3.7 a 0 рr 3 р4.5 a 0 , where r 1 and r 2 are the two bond lengths and r 3 is the distance between the two end O atoms. The potential energy points were then fitted to the following analytical function using a standard least-squares fitting procedure: where r e and e specify the equilibrium geometry of ozone. A total of 21 symmetry unique terms were used in the PEF in Eq. ͑1͒, which included most of the fourth-order terms and the ͑005͒ and ͑006͒ terms for the bend coordinate. Caution was exercised to avoid unphysical topographic features in the PEF.
C. Electric dipole moment functions
The electric dipole moment components at each geometry were calculated as expectation values of the dipole operator using the icMRCI wave function. They are then rotated to an Eckart reference frame, 50, 51 in which accurate band intensities can be obtained thanks to the optimal separation of vibrational and rotational motion. 52 The embedding axes were chosen such that at the reference geometry the positive y axis bisects the valence angle and r 1 is in the positive yz quadrant. Positive signs for the equilibrium moments are consistent with positive polarities along the ϩy and ϩz axes. The resulting y and z were fitted to the following polynomial expression:
where D i jk y ϭD jik y and D i jk z ϭϪD jik z for i j because of the symmetry of the dipole moments.
D. Calculation of the positions and intensities of vibrational band origins
The vibrational energy levels were calculated using the Radau coordinates, 53, 54 because of the compact form of the kinetic energy operator. The Hamiltonian and wavefunctions were discretized using an n r ϫn r ϫn direct-product discrete variable representation ͑DVR͒ grid. 55 In particular, 80 Gauss-associated Legendre quadrature points were used to represent the bending coordinate. 56 Each stretching coordinate was represented by a 40 point potential optimized DVR grid derived from the one-dimensional Hamiltonian, 57 in which two other coordinates were fixed at their equilibrium values, with a 150 point equidistant sine-DVR grid over the range of ͓1.6,3.8͔a 0 . 58 The Lanczos algorithm was used to calculate the vibrational energy levels by recursively diagonalizing the sparse DVR Hamiltonian matrix. 59 3000 Lanczos iterations were found to adequately converge the energy levels below 5000 cm Ϫ1 to better than 0.001 cm
Ϫ1
. Infrared intensities from the vibrational ground ͑0, 0, 0͒ state can be expressed in terms of the band strength S, 40 
S͑cm
Ϫ2 atm Ϫ1 at 298 K͒ϭ66.
where is the energy of the band origin ͑in cm
Ϫ1
͒ and R is the dipole matrix element in atomic units (ea 0 ). The dipole matrix elements for transitions from the ͑0, 0, 0͒ vibrational level were calculated using a recently proposed single Lanczos propagation method.
60
III. RESULTS AND DISCUSSION
A. Equilibrium geometry and dissociation energy
In order to assess the suitability of the basis set and correlation treatment, we first examined the equilibrium geometry of the ''open'' minimum and the dissociation energy for O 3 
The results are presented in Table I for several computational methods, together with experimental values. The CASSCF, icMRCI, and icMRCIϩQ methods all give equilibrium geometries that are in excellent agreement with the experimental data. The bond length deviates by about 6.4, Ϫ1.6, and 2.6 mÅ from the observed value of 1.2717 Å, and the bond angle is only about 0.05°-0.15°too large. However, the calculated dissociation energy depends sensitively on the correlation treatment. The CASSCF calculation gives only about 20% of the experimental dissociation energy, whereas the icMRCI and icMRCIϩQ calculations account for 83.2% and 92.6%. It supports previous ͑and generally well-known͒ observations that a thorough recovery of dynamical electron correlation effects is extremely important for the accurate determination of the dissociation energy of O 3 .
26,27 Our result of 24.18 kcal/mol from the icMRCIϩQ calculation is very close the estimated complete basis set limit of 24.8 kcal/mol obtained by Müller et al. 27 using CCSD͑T͒ and aug-cc-pVnZ (n ϭ2,3,4,5) basis sets. The agreement with the experiment is also very reasonable. These results convinced us that this level of theory should be able to provide a high quality global ab initio PEF with relatively even accuracy.
B. Potential energy function
The 21 linear parameters and the Morse exponential parameter ␣ in Eq. ͑1͒ were optimized by fitting to 54 icMRCIϩQ energy points below 5000 cm Ϫ1 . The final leastsquares fit gave a root-mean-square ͑rms͒ error about 7 cm
Ϫ1
. The parameters are given in Table II 22 The four secondorder coefficients C 002 , C 101 , C 110 , and C 200 of 68657, Ϫ8834, 8401, and 18650 cm Ϫ1 are also comparable to the recent empirical values of 71434, Ϫ5697, 7451, and 17437 cm Ϫ1 determined from high-resolution vibration-rotation data. 22 The contours of the potential energy surface in the two stretching coordinates (r 1 ,r 2 ) at ϭ116.855 527°and in the stretching-bending coordinates (r 1 ,) at r 2 ϭ1.274 345 Å are plotted in Fig. 1 . This figure shows that the PEF is quite well-behaved in the region of 1.6a 0 рr 1 , r 2 р4.0a 0 and 60°рр180°. Outside this region, the PEF is less trustworthy. 28 and of empirical 
PEFs. 18, 22 It can be readily seen that the icMCRCϩQ PEF is consistent, in both magnitude and sign, with empirical as well as CASSCF force constants up to cubic order. Higher order terms are more sensitive to the details of the PEF far from equilibrium and deviations are understandable.
The spectroscopic constants calculated using usual second order perturbation theory expressions 61 from the icMCRCϩQ PEF are compared in Table IV with the experimental values and those from an earlier CASSCF PEF of Peterson et al. 28 ͑These calculations were carried out with the program SURFIT as described in J. Senekowitsch, Ph.D. thesis, Universitaet Frankfurt, 1988.͒ While the rotational constants are in excellent agreement with experiment, some unexpected discrepancies occur for the harmonic vibrational frequencies and anharmonicities. In particular, the anharmonicities x 11 and x 22 calculated from second order perturbation theory using the quartic force field differ significantly from the experimental values. However these quantities are in much better agreement when obtained by fitting to the calculated band origins ͑see below͒, which are also shown in Table IV in parentheses. The origin of this behavior is presumably due to higher anharmonicities, e.g., y 111 , the effects of which are naturally included in the latter values but are missing in the simple second order perturbation theory treatment. Of course, small perturbations in the spectrum due to anharmonic resonances can also produce differences between the two approaches. It should be noted that the approach of fitting the calculated vibrational band origins is similar in spirit to that carried out for the empirical results of Barbe et al.
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The rotation-vibration interaction constants are also in good agreement with experiment, especially for the values along the B and C axes. The good agreement for the latter values was only obtained if near-resonant terms were omitted from the formulas, as discussed previously by Peterson et al. 28 Overall, the agreement with experiment is very satisfactory.
C. Vibrational energy levels
The calculated vibrational band origins for 16 O 3 below 4500 cm Ϫ1 on the icMRCIϩQ PEF are compared in Table V with experimental values summarized in Ref. 22 . The calculated fundamental frequencies for the symmetric stretching and bending vibrations ͑ 1 and 2 ͒ are in excellent agreement with the observed ones, with the deviation only about Ϫ2.6 and 1.2 cm
Ϫ1
, respectively. Most of the calculated levels with zero antisymmetric stretching quanta ( 3 ϭ0) are within several wavenumbers of the observed values, but the levels with 3 excitation deviate from the observed values by 10-40 cm Ϫ1 . These results represent a significant improvement over the theoretical band origins determined from a previous CASSCF PEF, 28 for which the three fundamental frequencies differ from the observed values by Ϫ44, Ϫ16, and Ϫ53 cm Ϫ1 , respectively. They are also much better than more recent high level ab initio results. 35, 36 Overall, the present icMRCIϩQ PEF provides a reasonable representation of the vibrational band origins below 4000 cm
. In order to achieve a better agreement with experiment, the ab initio PEF was adjusted. To this end, we used the coordinate scaling method suggested by Bowman and Gazdy 62 to improve the PEF in the antisymmetric stretching coordinate. The strategy is to scale the antisymmetric stretching coordinate using a single adjustable factor. In particular, the scaled PEF is expressed as The optimal value of the scaling factor ␥ was found to be 0.985. The force constants of the scaled PEF are listed in Table III , and the calculated spectroscopic constants and vibrational band origins are compared with the experimental values in Tables IV and V . The scaling has little effect on the other two vibrational coordinates, yet it significantly improved the agreement with experiment for the antisymmetric vibrational progression. For example, the discrepancy of 13.013 cm Ϫ1 is reduced to Ϫ2.253 cm Ϫ1 for the fundamental. Similar improvements can also been seen for higher excited states and in spectroscopic constants.
Low-lying vibrational band origins for some isotopic variants of ozone have also been calculated and are given in . The reasonably good agreement for different isotopomers lends further support to the accuracy of the PEF. 
D. Dipole moment functions and infrared transition intensities
Table VII presents the expansion coefficients of the y and z components of the calculated icMRCI electric dipole moment functions for ozone, which were obtained by fitting 15 terms for y and 8 terms for z to 72 ab initio points selected below 10 000 cm Ϫ1 . The root-mean-square error for y and z were 0.008 and 0.006 D, respectively. Figure 2 displays the contour plots of the two dipole moment functions in the same coordinates as in Fig. 1 . The absolute value of the dipole moment at the equilibrium geometry was calculated to be Ϫ0.5603 D and the fitted value is Ϫ0.5588 D. In the vibrational ground state, the calculated permanent dipole moment is Ϫ0.541 D, which is in excellent agreement with the accurate microwave value of Ϫ0.532 D. 63 The calculated infrared band intensities S are listed in Table V with some available experimental values. The calculated results appear to be insensitive to the particular version of the potential. Our vibrational band intensities are in very good agreement with the observed values for most of the band origins and similar to the previous CASSCF results. 28 
IV. SUMMARY
In this work, we reported a high level ab initio calculation of the potential energy surface and electric dipole moments near the C 2v equilibrium of ozone. The ab initio points were fitted to three-dimensional analytical functions expressed in internal coordinates. The analytical potential energy and dipole moment functions were then used to calculate both the positions and intensities of low-lying vibrational band origins of several ozone isotopomers. Agreement with a wide range of experimental data confirms the accuracy of the ab initio calculations. In particular, the ab initio potential reproduced fundamental vibrational frequencies within a few wave numbers of the experimental values. Although the PEF reported in this work is limited to the C 2v equilibrium, the dissociation energy was determined within 2 kcal/mol of the best experimental estimate. This work represents a significant improvement over previous ab initio treatments of the near equilibrium potential energy surface of ozone. It also paves the way to a high quality global potential energy surface that is suitable for studying the highly excited rovibrational spectrum and collision dynamics of ozone. 
